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Wettability is a significant factor in the exploration and development of shale oil. Currently, 
shale wettability has yet to reach a unified understanding. The contact angle is widely used 
in the study of shale wettability. However, the pre-treatment of the shale profoundly affects 
the contact angle. In this paper, the contact angle errors introduced by the pre-treatment of 
samples are discussed. Shale wettability is influenced by many factors, and there is not yet 
a systematic study of its influencing factors. Based on the above issues, the shale of the 
northern Songliao Basin was taken as the subject. The wettability of the different lithofacies 
is characterized by an improved contact angle method. The compositional characteristics 
of the shales and oil in the study area were analyzed. Fresh minerals, a single component of 
oil, and different temperature/pressure conditions were set up to investigate the influencing 
factors of shale wettability. The studies show that Organic matter abundance and thermal 
maturity have a positive correlation with oil-wet. Siliceous minerals are positively correlated 
with water-wet. Carbonate and clay minerals are negatively correlated with water-wet. The 
mineralogical composition of the shale, the composition of the oil, the characteristics of the 
aqueous media, the asphaltene deposits on the surface, temperature, and pressure all 
impact wettability. The affinity of minerals for hydrocarbons is iron minerals > carbonate 
minerals > clay minerals > siliceous minerals. Minerals are more hydrophilic at low salinity 
conditions. The deposition of non-hydrocarbons and asphaltenes renders the surface 
oleophilic. Increasing temperatures will reduce the hydrophilicity of the “oil-water-rock”. 


Keywords: wettability, shale oil, contact angle, Northern Songliao basin, liquid-liquid extraction 


INTRODUCTION 


Shale wettability is the tendency for oil to expand or adhere to the pore surface (Roshan et al., 2016). It is 
one of the most significant properties of the surface characteristics of shale reservoirs (Alvarez et al., 
2016a). Wettability controls the process of shale oil enrichment (Yong et al., 2016; Liu et al., 2018; Song 
et al., 2020; Liu et al., 2021). The process of enrichment of shale oil can be divided into two processes. 
Firstly, the oil is enriched within the internal pore network of the organic matter (OM) (Athy et al., 
1930). Once the shale oil has met the retention capacity of the OM, it flows out of the OM pores and into 
the inorganic mineral pores, where it is enriched (Loucks et al., 2014; Liu et al., 2021). Before the oil 
enters the inorganic pores from the OM pore network, it is hydrophilic due to the film of water on the 
surface of the inorganic minerals (Li et al., 2017). The capillary forces are the resistance as the shale oil 
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moves from the OM pores into the inorganic minerals pores. After 
the oil enters the inorganic mineral pores, the polar compounds in 
the crude oil will break the water film on the mineral surface, 
replacing the water molecules adsorbed on the mineral surface 
(Buckley et al., 2001). Then, the surface absorption by oil will 
change from hydrophilic to lipophilic (Drummond et al., 2004). 
This reduces the capillary resistance of oil entering the inorganic 
minerals pores, making it easier to enrich. Wettability determines 
the lower limit and type of pore throat for oil filling. In the field of 
shale oil development, regulating reservoir wettability is key to 
improving shale oil recovery (Marsden et al., 1965; Ehrlich et al., 
1974; Alvarez et al., 2016b; Jia et al., 2021). Wettability is important 
for selecting the appropriate fracturing fluid to minimize fracturing 
fluid losses. It is generally accepted that the highest crude oil 
recovery is achieved under low oil-water interfacial tension and 
weak water-wetting conditions during water displacement (He 
et al., 2018; Li et al., 2021; He et al., 2022). 

The surface of shale pore throats is composed of very complex 
minerals and organic matter, and this composition makes the surface 
both oil-wet and water-wet (Yang et al., 2019). Generally, shale pores 
can be divided into relatively large micropores and smaller nanopores 
(Barnett et al, 2012; Chalmers et al. 2012). Micropores are 
predominantly found in inorganic minerals, while nanopores are 
mainly found in organic matter and clay minerals. Inorganic pores 
are widely considered to be hydrophilic. In contrast, organic pores are 
considered lipophilic and become more lipophilic as the maturity of 
the organic matter increases (Begum et al., 2019). The simultaneous 
presence of inorganic water-wet macropores and organic oil-wet 
micropores makes the shale double-wetting, distinguishing the shale 
wettability from conventional reservoirs (Tao Zhang et al., 2018). 

Nowadays, shale wettability is characterized by five main methods 
viz. contact angle method (Siddiqui et al., 2018) (CA), spontaneous 
imbibition (Li et al., 2019) (SI), zeta potential method (Hoxha et al., 
2016), nuclear magnetic resonance (NMR) (Chen et al., 2006), atomic 
force microscopy (AFM) (Kumar et al. 2005), and molecular 
dynamics simulation (MD) (Xue et al., 2021). The CA method is 
convenient, with a test range from strong water-wet to strong oil-wet, 
and has clear mechanical and thermodynamic significance, satisfying 
qualitative and quantitative studies and suitable for mechanistic 
studies. Therefore, CA is widely used in the study of shale 
wettability (Siddiqui et al., 2018). CA is mainly divided into the 
sessile drop method, which is used to express the wettability of the 
“gas-flow-rock system,” and the captive bubble drop method, which 
represents the wettability of the “liquid-liquid-solid” system (Pan 
et al., 2020). However, numerous factors influence the contact angle. 
The pre-treatment process of shale samples (organic contamination 
of the surface and roughness) can severely impact the results. 
Therefore, the errors introduced by the pre-treatment of shale 
samples need to be analyzed. 

The factors influencing the wettability of shale oil reservoirs 
can be summarized in the following five aspects: 1) Mineral and 
shale oil composition (Borysenko et al., 2009; Lu et al., 2019). 2) 
Water medium characteristics (Agbalaka et al., 2009; Berg et al., 
2010). Brine concentration and pH control the wettability by 
influencing mineral surface chemistry and oil-water interfacial 
tension; DLVO theory can describe the interaction between the 
rock surface/brine and oil/brine interfaces, where “oil-water- 


rock” wettability depends on the balance between the two 
forces of electrostatic repulsion and van der Waals forces. 3) 
pore throat scale (Yu et al., 1986). The smaller the droplet scale, 
the greater the effect of the upper line tension on the three-phase 
circumference and the more significant the change in contact 
angle. 4) Pore throat surface physicochemical properties (Nakae 
et al., 1998). Cassie (1944) found that the greater the roughness of 
a solid surface, the more hydrophilic the surface would be. 
Whereas the surface of reservoir rocks is not smooth and flat, 
its surface roughness affects wettability. Asphaltenes in shale oil 
can break the water film on the surface of inorganic minerals in 
shale and adsorb to its surface, causing changes in wettability 5) 
Temperature and pressure conditions (Zhang et al., 2018). 
Changes in temperature and pressure conditions can affect 
water-rock, oil-rock, oil-water, and _ oil-water interfacial 
tensions, thus affecting the wettability of the “oil-water-rock” 
system. Current research on the factors influencing wettability is 
scattered, and no systematic studies have been carried out. 

Based on the above issues, Qingshankou (Kzqn) and Nenjiang 
(Kan) in the northern Songliao Basin were taken as the subjects. The 
wettability of the different lithofacies is characterized by an improved 
contact angle method. The compositional characteristics of the shales 
and oil in the study area were analyzed. Fresh minerals, single 
components of oil, and different temperature/pressure conditions 
were set up to investigate the factors influencing the wettability of the 
shale oil reservoirs. 


GEOLOGICAL BACKGROUND AND 
SAMPLES 


Geological Background of the Study Area 
The target area of this study is the northern Songliao Basin 
(Figure 1). The Late Cretaceous is a deep and semi-deep 
lacustrine facies formation developed in the depressional stage 
of the basin, which is the main source rock and an important 
shale oil layer in the northern Songliao Basin. The target 
formations studied are the Qingshankou (K qn) and the 
Nengjiang (K2n). The thickness of the K2qn is usually in the 
range of 200-500 m, and the primary lithology is black-brown 
mud shale interbedded with a small amount of oil shale, and its 
lithology and petrography are highly variable. The stratigraphy of 
the Kn is generally in the range of 100-450 m in thickness, with 
the lower part of it being sandstone transformed into mudstone 
and oil shale deposits and the upper part being interbedded with 
purple-red and green mudstone deposits (Hou et al., 2000; 
Bechtel et al., 2012; Jia et al., 2013). 


Samples Information 
Shales were taken from vital exploratory wells in the Qijia-Gulong 
Depression, the southern Daqing Changyuan area, and the 
Sanzhao Depression. Forty-six samples were selected for rock 
pyrolysis and  whole-rock X-ray diffraction analysis 
(Supplementary Table S1). Then 33 of the samples were chosen 
for contact angle and liquid-liquid extraction experiments. 
Samples from Kqn are all shale with high maturity and high 
organic matter abundance. In contrast, samples from the Kn had 
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FIGURE 1 | The sedimentary facies of the Qingshankou and Nenjiang Formation (left) and synthetic histogram of the northern Songliao Basin (right). Strata are filled 


lower maturity and organic matter abundance (Supplementary 
Table S1). 

Figure 2 illustrates the mineralogical composition of the 
samples. The main minerals that make up the samples are 
quartz, plagioclase, calcite, dolomite, pyrite, siderite, illite, and 
kaolinite. The minerals were classified according to their 
elemental composition and similarity in the crystal structure 
(Figure 2C) as siliceous minerals (quartz and feldspar), clay 
minerals (kaolinite and illite), carbonate minerals (calcite and 
iron dolomite), and iron minerals (pyrite and siderite). 

The Kpn (Figure 2B) has a higher siliceous mineral content 
than the K,qn (Figure 2A), with an average value of 63.7%. The 
content of clay minerals is lower than that of the K2qn, with the 
percentage of content distributed between 13.5 and 44.3% and the 
mean value of 27.82%. The carbonate and iron mineral content is 
similarly distributed at a lower level. 

Referring to the delineation scheme of Liu (Liu et al., 2019) for 
the shales of the Qingshankou Formation in the southern 
Songliao Basin, the lithofacies were delineated in terms of the 
macrostructure (Figure 3), TOC, and mineral composition of the 
samples. Lu (Shuangfang et al., 2012) proposed a “trichotomous 
method” for shale oil resource evaluation, in which a TOC of 1 wt 


% and 2 wt% is the threshold for classifying high and low organic 
matter. In this paper, the samples are divided into high organic 
matter (TOC > 2 wt%), medium organic matter (1 wt% < TOC < 
2 wt%), and low organic matter (TOC < 1 wt%). 


EXPERIMENTAL METHODS 


Experimental Materials 

Fresh minerals were selected concerning the mineral composition 
of the shale: quartz, plagioclase, calcite, iron dolomite, pyrite, 
rhodochrosite, illite, and kaolinite. Wettability characterization of 
single and pure minerals is fundamental to explore the effect of 
different mineral compositions on the overall wettability of shale. 
Whole-rock X-ray diffraction analysis of the fresh minerals 
showed that the purity of the minerals was essentially greater 
than 97%. 

Regarding the shale oil composition, several common compounds 
were selected for this study, respectively: n-hexane, n-dodecane, and 
n-octadecane for the saturated hydrocarbon component, 
benzene for the aromatic component; and 3-dodecylthiophene 
and N,N-dimethyldodecylamine for the mnon-hydrocarbon 
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FIGURE 2 | Mineral composition of shale oil reservoirs. (A) Qingshankou shale Oil Reservoir, (B) Nenjiang shale Oil Reservoir, (C) Distribution characteristics of 
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component. The compounds purchased were Dr. Germany 
brand products, whose chemical parameters and 
specifications are shown in Supplementary Table S2. 
Crude oil samples and kerosene were also used in the 
experiments. Kerosene was used to represent the low 
carbon number mixture of hydrocarbons in crude oil, 
whose main components are alkanes of n-Ci2 ~ n-C,4 and 
contain small amounts of aromatic hydrocarbons, 
unsaturated hydrocarbons, cyclic hydrocarbons, and other 
impurities such as sulfides and gums. 


Liquid-Liquid Extraction 

Liquid-Liquid Extraction (LLE) qualitatively evaluates the 
affinity of shale particles for two liquid phases 
(Supplementary Figure S1). Samples were crushed to 160 
mesh to reduce the effect of buoyancy on results. 0.6 g of rock 
powder, water, and kerosene is mixed together, stirred 
thoroughly and shaken for 5 min, and then left for a while. 
Different particles have different hydrophilic or oleophilic 
properties on the surface, which determines whether they sink 
in water or are suspended in the oil phase. The distribution of 
the particles is used to qualitatively determine the affinity of 
the rock particles for water or oil. 


Pre-treatment of Samples for Contact Angle 
It was not known what the ideal level of polishing required for the 


sample was. To solve this problem, uartz and calcite chips were 
polished separately using different grit sizes (80, 160, 400, 1,200, 
2,000, 6,000, 8,000, 10,000 grit and mirror polish). The “oil-water- 
rock” contact angle of calcite with different roughness was compared 
to determine the grinding method required for this study surface. 

The roughness of a surface can be expressed in terms of Ra 
which is the arithmetic mean of the absolute values of the 
distances from the points on the measured profile to the 
reference line within the sampling length L. The roughness Ra 
of different surfaces was measured using the stylus method with a 
Hommel-Etamic T8000 roughness profiler from Suzhou Winters 
Measurement Technology Co. 

As shown in Figure 4A, as the grit of the sandpaper is 
increased, the Ra value decreases, which means a smoother 
surface. The mirror-polished surface has a meager Ra value of 
only 20 nm, so the surface can be considered smooth. The 
contact angle results for different roughness are shown in 
Figure 4B. As predicted by the Cassie-Baxter model, the 
contact angle decreases to a specific value and then 
remains constant as the surface roughness decreases. For 
highly rough surfaces (Ra > 0.8 um), the contact angle is 
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FIGURE 3 | Structural characteristics of shale oil reservoir samples. (A) Bedded structure, sample #97; (B) Laminar structure, sample #110; (C) Massive structure, 
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almost constant but considerably different from Young’s 
contact angle. However, for relatively smooth surfaces (Ra 
< 0.8 um), the contact angle varies significantly. Therefore, 
there is a solid need to mirror polish the surfaces. 


Contact Angle Experiments 

“Oil-Water Rock” Contact Angle Prediction Model for 
Shale 

The “oil-water-rock” contact angle (Figure 5B) from the captive 
bubble method appears to be more consistent with geological 
conditions than the sessile drop method (Figure 5A). However, 
when the “oil-water-rock” contact angle of shale is measured using 
the captive bubble drop method, some samples are found to break up 


» 


due to the high clay content when immersed in water. Some samples 
have a very stable water film on the surface, making it difficult for oil 
droplets to reach the shale surface (Figures 5C,D). Such samples 
cannot be subjected to the captive bubble method. 

Comparison of the “gas-water-rock” and “gas-oil-rock” 
contact angles for the sessile drop method does not allow for a 
determination of whether the test sample is more hydrophilic or 
more lipophilic. To illustrate this point, separate “gas-water-rock” 
(Figure 6B), “gas-oil-rock” (Figure 6A), and “oil-water-rock” 
(Figures 6C,D) contact angle experiments were carried out to 
compare the oil-wetness and water-wetness of quartz surfaces 
(Figure 6). The results of the “gas-oil-rock” experiment showed 
that the contact angle of hexane on the quartz surface was 0° and 
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contact the shale surface due to the water film. 


FIGURE 5 | (A) Schematic of sessile drop methods for contact angle measurements; (B) captive bubble methods; (C,D) illustrating the failure of oil droplets to 


quartz. 


FIGURE 6 | (A) Spreading phenomenon of oil on the quartz surface, (B) Contact angle of DI water on the quartz surface, (C,D) illustrating the hydrophilic nature of 


DI water 


the quartz was completely oil-wet; the contact angle of DI water 
on the quartz surface was 28.41°, and the quartz was not 
completely water-wet. From the experimental assessment of 
the relative lipophilicity and hydrophilicity of the quartz 
surface by the sessile drop method, it can be concluded that 
the surface of quartz is lipophilic. However, the results of the “oil- 
water-rock” experiments by the captive bubble method show an 


oil contact angle of 157° compared to a water contact angle of 23°. 
Quartz is hydrophilic. This contradicts the conclusions obtained 
by the sessile drop method. It is clear that the results of the 
suspended-drop method are accurate for an oil-water 
environment and that the seated-drop method is not sufficient 
to determine whether the surface is more lipophilic or 
hydrophilic. 
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TABLE 1 | Samples of different lithofacies for contact angle and liquid-liquid extraction experiments. 


Lithofacies Number of TOC Siliceous minerals Carbonatite minerals Clay minerals 
samples (%) (%) (%) (%) 
Low organic matter silica-rich massive shale 41 0.64 76.9 2.5 20.1 
Low organic matter laminated silica-rich shale 91 0.64 86.5 0.0 13.5 
Low organic matter bedded silica-rich shale 80 0.97 81.6 0.8 17.6 
High organic matter laminated siliceous shale 49 2.15 51.8 1.7 37.5 
High organic matter massive siliceous shale 14 2.88 48.7 10.8 36.8 
High organic matter massive clay shale 94 4.33 18.1 1.9 80.0 
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FIGURE 8 | Wettability of different lithofacies. Samples 41, 91, and 80 have high organic matter content and low siliceous mineral content; 14, 94, and 49 are the 
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FIGURE 9 | Correlation between wettability and material composition of shale. (A) TOC, (B) S;, (C) Ro, (D) Siliceous minerals, (E) Carbonate minerals, (F) Clay 


Contact angle (°) 


Contact angle (°) 


90 


Contact angle (°) 


20 = L L L L L 
0 10 20 30 40 50 60 


Carbonate minerals (%) 


Siddiqui (2018) proposed Eq. 1 to achieve the conversion of 
“gas-water-rock” contact angles on shale surfaces to “oil-water- 
rock” contact angles. 


COSo-4 — Y,,_, COS Oy 
bpa = cos (Yo z Yw g ‘) (1) 


Where oil surface tension Yo-¢, mN/m; water surface tension 
Yw-ge mN/m; oil-water interfacial tension y,.,, mN/m; 


“gas-oil-rock” contact angle 0,..; “gas-water-rock” contact 
angle @,,..; “oil-water-rock” contact angle @,_,. 

To verify the accuracy of Eq. 1, 10 samples were selected to 
carry out “gas-oil-rock”, “gas-water-rock” and “oil-water- 
rock” contact angle experiments. The water samples were 
ionized water, and the oil samples were kerosene. The 
parameters and the calculated “oil-water-rock” contact 
angles are shown in Supplementary Table S3. 
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FIGURE 11 | Characteristics of shale oil components in the target area with maturity. 
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The excellent correlation between measured and calculated 
contact angles (Supplementary Figure S2) demonstrates that this 
formula can be applied to calculate the “oil-water-rock” contact angle 
for shales. However, the measured values are always less than the 
theoretical oil-water contact angle, which means that the measured 
results are more hydrophilic than the theoretical ones, probably 
because the rock sheet is preferentially wholly immersed in water 
and a film is formed on the surface, which increases the hydrophilicity 
of the rock sheet. 


High Temperature and Pressure Contact Angle 
Experiments 

A high temperature and pressure contact angle experiment was 
carried out to study temperature and pressure on the wettability 
of “oil-water-rock” (Supplementary Figure S3). The instrument 
includes a high temperature and pressure chamber, water 


injection pump, oil injection pump (or gas injection pump), 
high precision camera, and computer processing. 


RESULT AND DISCUSSION 


Wettability Characteristics of Shales 
Comparison of Different Formations 

The “oil-water-rock” contact angle (0) results for the samples are 
shown in Figure 10. The samples are almost all hydrophilic, with 
0 overwhelmingly in the range of 25-80°. The samples can be 
further classified according to the differences in water-wetting 
properties: strong water-wetting (0 < 30°), medium water- 
wetting (30°< @ <60°) and weak water-wetting (60°< 0<90°). 
The majority of samples were medium water-wet, with fewer 
samples being strong or weak water-wet. However, sample 35 is 
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oil-wet (0 = 90.15°) owing to the high TOC (6.3 wt%) and 
carbonate minerals content (32.3%). 

Figure 7 shows that the water-wetness of the Nengjiang is 
significantly better than that of the Qingshankou. The two have a 
similar mineral composition, so minerals are not the cause of the 
difference in wettability. The TOC of the Qingshankou is slightly 
higher than that of the Nengjiang, but the maturity of organic matter 
is significantly higher than that of the Nengjiang. The Qingshankou 
Formation has completed a large amount of hydrocarbon expulsion 
(Sı and S, are high), and the adsorption of polar oil components 
renders wettability towards oil wetting. The low maturity Nengjiang 
has not yet undergone significant hydrocarbon expulsion (S, and S, 
are low), and the reservoir is in primitive water-wetting. Maturity is 
the reason for the difference in wettability between the Qingshankou 
and Nengjiang. 


Comparison of Different Lithofacies 
Table 1 illustrates the major lithofacies in the target area. The 
samples can be divided into two groups according to their TOC 
and mineral content. The first group, 41, 91, and 80, are 
characterized by low TOC (<1 wt%), low clay mineral content 
(<20.1%), and high siliceous mineral content (>76.9%). The 
second group is 49, 14, and 94, which are characterized by 
high TOC (>2%) and higher clay mineral (236.8%) content. 
The results of the “oil -water-rock” contact angle 
measurements for the rocks are shown in Figure 8. The first 


group of rock samples (41, 91, and 80) have contact angles in the 
range of 26°-31°, which are strongly hydrophilic. The second 
group of rock samples (14, 94, and 49) have contact angles in the 
range of 58°-80°, respectively, and are weak water-wetness, 
presumably related to their high TOC and clay mineral content. 

The results of the LLE are consistent with the CA (Figure 8). 
The first group of rock particles is mainly distributed in the water 
layer, while only a few particles are distributed in the oil-water 
interface and kerogen. This indicates that all rock particles in the 
first group are hydrophilic. The second group is partly suspended 
at the kerosene, partly suspended in DI water. This shows that 
they are both hydrophilic and oleophilic. The number of 
oleophilic particles is related to the TOC. 


Factors Influencing Shale Wettability 
Organic Matter and Mineral Composition 
Characteristics 

The relationship between contact angle and organic 
characteristics is analyzed in Figures 9A-C. TOC, S,, and 
R, have a positive correlation with oil-wet. Recently, various 
studies have shown the lipophilic of organic matter (Siddiqui 
et al., 2018). This means that the higher the organic matter 
abundance the more oil-wet the sample is, which is consistent 
with the conclusions obtained from Figure 8. S, is related to 
the oil content. As the oil content increases, the surface 
gradually shifts from water-wet to oil-wet. Previous 
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molecular dynamics results (Jagadisan et al., 2019) have 
shown that low maturity organic matter is more 
hydrophilic. In addition, the low maturity means that the 
oil has not yet been generated in large quantities and it is 
difficult to shift the surface to oil-wetness. 

The relationship between contact angle and mineral composition 
characteristics is analyzed in Figures 9D-F. Siliceous minerals are 
positively correlated with water-wet. However, carbonate and clay 
minerals are negatively correlated with water-wet. The strong water- 
wet of siliceous minerals and the weak water-wet of carbonate 
minerals have been confirmed, but there is no agreed 
understanding of the wettability of clay minerals. Therefore, it was 
necessary to carry out wettability experiments with a single pure 
mineral to verify the conclusions of Figures 9D-F. 

Figure 10 compares the affinity of different fresh minerals for 
hydrocarbons (saturated and aromatic hydrocarbons). Eight minerals 
exhibit hydrophilic properties (0 < 90°). The order of affinity of 
minerals to hydrocarbons is carbonate minerals > clay minerals > 
siliceous minerals. Siliceous minerals exhibit strong water-wetting, 
and calcareous minerals exhibit weak water-wetting. The shale is 
essentially medium water-wetting. Then, an increase in siliceous/ 
calcareous minerals will shift the shale towards strong/weak water- 
wetting. This is consistent with the conclusions obtained in Figure 9. 
However, the wettability of the clay minerals obtained from Figures 
9F, 10 is inconsistent. Considering that no experiments were carried 
out to remove oil from the cores after the samples were extracted 


in situ, a certain amount of colloidal asphaltene is deposited on the 
surface of the clay minerals. It is the deposition of colloidal asphaltene 
that reverses the wettability, giving a seemingly unreasonable negative 
correlation between clay mineral content and water-wetting. 


Oil Components 

The physicochemical properties of shale oil are related to its 
composition (saturated hydrocarbons, aromatic hydrocarbons, 
non-hydrocarbons, asphaltenes), which varies with the maturity 
of the organic matter. Figure 11 shows the composition of shale 
oil for different maturity of organic matter. The results show that 
as the depth of burial increases, i.e., the maturity of the organic 
matter (Ro) increases, the saturated hydrocarbon fraction tends 
to grow, the aromatic and non-hydrocarbon fractions tend to 
decrease, the asphaltene does not change much, and the ratio of 
saturated to aromatic hydrocarbons tends to increase. 

High carbon number alkanes show more affinity to mineral 
surfaces than low carbon number alkanes (Figure 12A). Since 
n-octadecane is a solid at room temperature, solutions of different 
ratios of n-octadecane and n-octadecane have been configured to 
represent high carbon number alkanes. Figure 12A shows that as 
the n-C,s/n-Cg increases, the contact angle increases and the 
affinity of the mineral to the oil is stronger. 

For the same carbon number, aromatic hydrocarbons have a 
stronger affinity for minerals than alkanes (Figure 12B). The 
proportion of aromatics decreases as the depth of formation 
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increases, this reduces the affinity of the oil to the reservoir 
surface. 

Polar oil components have a greater affinity for minerals than 
non-polar oil components (Figure 12C). The affinity of oil 
components for minerals is nitrogenous compounds > 
sulfurous compounds > alkanes. Most of the mineral surfaces 
that exist in nature are polar, so it is not difficult to understand 
this. It is the extremely strong affinity of polar compounds that 
renders the surface to oil-wetness. The proportion of non- 
hydrocarbons decreases as the depth of formation increases, 
this reduces the affinity of the oil to the reservoir surface. 

Asphaltene deposition converts the surface to lipophilic, 
especially for clay minerals (Figure 12D). The wettability of 
fresh minerals is compared with that of minerals immersed in 
crude oil for 48h. The wettability of the clay minerals 
undergoes a dramatic shift from strongly water-wet to oil- 
wet. The water-wetness of the siliceous and carbonate 
minerals increased instead, probably due to the short 
immersion time. 


Brine Salinity 

Considering that CaCl, is the main additive in fracturing fluids, 
this study investigates the change in wettability of different 
salinities of CaCl, (Figure 13). As the brine salinity increases, 
the contact angle tends to rise and then fall for all four mineral 
types. Low salinity flooding may be the way to enhance shale oil 
recovery. 


Temperature and Pressure Conditions 

The experimental results are shown in Figure 14. When the 
temperature is 50°C or 70°C, the contact angle does not 
change significantly as the pressure increases. At the same 
ambient pressure, as the temperature increases (by 20°C), the 
contact angle value becomes larger (by approximately 5°) and 
the oil wettability increases. It is worth noting that an 
increase in pressure can lead to a rupture of the water film 
on the reservoir surface and thus a decrease in water 
wettability. 


CONCLUSION 


This manuscript characterizes the wettability of the Qingshankou 
and Nengjiang formations in the northern Songliao Basin by using 
contact angle and liquid-liquid extraction experiments. Fresh 
minerals, a component of oil, and different temperature/pressure 
conditions were set up to investigate the factors influencing the 
wettability of the shale oil reservoirs. 


1) Low organic matter maturity is the main factor for the 
Nenjiang Formation being more hydrophilic than the 
Qingshankou Formation. 

2) TOC, Sı, and R, of shale have a positive correlation with oil- 

wet. Siliceous minerals are positively correlated with water- 

wet. Carbonate and clay minerals are negatively correlated 
with water-wet. 

The mineralogical composition of the shale, the composition of 

the oil, the characteristics of the aqueous media, the asphaltene 

deposits on the surface, temperature, and pressure all have an 
impact on wettability. The affinity of minerals for hydrocarbons is 
iron minerals > carbonate minerals > clay minerals > siliceous 
minerals. Minerals are more hydrophilic at low salinity 
conditions. The deposition of non-hydrocarbons and 
asphaltenes renders the surface oleophilic. Increasing 
temperatures will reduce the hydrophilicity of the “oil-water- 
rock”.(Lu et al., 2012; Wang et al., 2016; Zhang et al., 2018). 
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